Background-Measurements of the concentrations of γ-aminobutyric acid (GABA) and glutamate in the motor cortex and lentiform nucleus of dystonic patients using single voxel 1 H magnetic resonance spectroscopy (MRS) have yielded conflicting results so far. This study aimed at investigating dynamic changes in metabolite concentrations after stimulation of the motor cortex in patients with upper limb dystonia.
Introduction
Patients with writer's cramp, a task-specific idiopathic focal dystonia, present involuntary sustained muscle contractions causing abnormal movements and postures during writing. The neurochemical bases of idiopathic dystonia are poorly understood. Indirect measures, using paired pulse transcranial magnetic stimulation (TMS), have consistently pointed to an altered baseline excitability of inhibitory circuits using γ-aminobutyric acid (GABA) as neurotransmitter in the motor cortex (MC) of dystonic patients. 1, 2 In contrast, direct measures of GABA concentrations in the few post-mortem studies performed so far have provided discordant results, with normal GABA concentrations observed in idiopathic dystonia 3 and markedly reduced GABA in the basal ganglia in symptomatic dystonia. 1 H magnetic resonance spectroscopy (MRS) permits in vivo serial and temporal quantitative assessment of GABA metabolism. 5 Using MRS, contradictory results have been reported in writer's cramp, with lower GABA levels at 1.5 T in the MC and the lentiform nucleus contralateral to the affected hand 6 , and no differences in these regions at 3 T. 7 Non-invasive cortical stimulation techniques (repetitive TMS or rTMS and transcranial direct current stimulation) are tools that temporally change the excitability of cortical regions and their related networks. MRS has been used to assess the local and remote metabolic consequences of such changes. rTMS to the dorsolateral prefrontal cortex, 8, 9 parietal cortex, 10 and secondary somatosensory cortex 11 has been shown to affect the glutamate/glutamine release close to the site of stimulation but also in remote regions in healthy 8, 10 and pathological brains. 9, 11 Data on changes of GABA release after non-invasive cortical stimulation are scarce. Continuous theta burst rTMS and cathodal transcranial direct current stimulation protocols, both decreasing MC excitability, led to increase 12 or decrease of GABA metabolism, 13 respectively.
Given the efficacy of non-invasive cortical stimulation to unveil glutamate changes in various pathological conditions and the tight link between GABA and glutamate metabolism, 14 we reasoned that measuring GABA metabolism after boosting the excitability of the MC and its related cortico-striatal pathway could help in measuring the changes in GABA metabolism in dystonic patients. We hypothesized that patients would present decreased GABA metabolism after MC activation, locally as well as remotely in the striatum. Additionally, N-acetylaspartate (NAA), which has been proposed to be a marker of neuronal health and viability through its role in mitochondrial energy production from Glu, 15 was studied. We used subthreshold 5 Hz stimulation to stimulate the MC as such stimulation induces greater effects in patients with upper limb dystonia than in healthy subjects. 16 
Material and methods
Experimental procedures were approved by the local Ethics Committee and performed according to the ethical standards laid down in the Declaration of Helsinki. All subjects gave their written informed consent before the experiments.
Subjects
Fifteen patients with primary upper limb dystonia (4 males; mean age ± SD: 47.5 ± 12.6 years, range: 22-63 years) and 14 healthy volunteers (7 males, 40.2 ± 13.5 years, range: 23-68 years) (p = 0.6) were included in the study (Table 1) . No patient received botulinum toxin during the 6 months preceding the study or other medications for dystonia.
Data acquisition
Study protocol (Figure 1 )-Each session was composed of a pre-rTMS MRS session, the rTMS procedure, and a post-rTMS MRS session. Following the pre-rTMS MRS examination, subjects were moved out of the scanner to the TMS room. After the rTMS procedure, subjects were pushed back to the scanner room using a wheelchair to avoid subjects' motion. The study was divided into two sessions due to the relatively long MRS acquisition time (15 min per voxel) and the duration of rTMS post effects (20 min). In one session, the post-rTMS scan was performed in dominant MC, and in the other session in the dominant lentiform nucleus. The sessions were randomly ordered.
Magnetic resonance examination-Acquisitions were performed using a 3 T wholebody system (MAGNETOM Trio, Siemens, Erlangen, Germany). Radiofrequency transmission was performed with the built-in body coil, and signal was received with a 12-channel receive-only head coil.
Data were acquired using a MEGA-PRESS 17, 18 sequence (T R = 3 s, T E = 68 ms) with double-banded editing pulses (180° Shinnar-Le Roux, duration = 17 ms, bandwidth = 70 Hz). PRESS spatial localization utilized a 90° Hamming-filtered sinc pulse (duration = 2.12 ms, bandwidth = 4.2 kHz) and two 180° mao pulses (duration = 5.25 ms, bandwidth = 1.2 kHz). Additional water suppression using variable power with optimized relaxation delays (VAPOR) and outer volume suppression techniques 18 were incorporated prior to MEGA-PRESS. The final spectra were calculated by subtracting spectra acquired with the doublebanded editing pulse applied at 1.9 and 4.7 ppm from those acquired with the double-banded editing pulse applied at 4.7 and 7.5 ppm (128 pairs of scans). Free induction decays were stored separately in memory and individually frequency and phase corrected using the total creatine signal at 3.03 ppm. Metabolite-nulled macromolecular spectra (T IR = 900 ms, 128 x 2 scans) were acquired in the occipital lobe of 13 subjects. Shimming was performed using a fast automatic shimming technique with echo-planar signal trains using mapping along projections, FAST(EST)MAP. 19 Three voxels were prescribed using anatomical landmarks observed on the T 1 -and T 2 -weighted images in the sensorimotor region (MC) using the hand knob as a landmark (28.8 mL) 20 (Figure 2A ), the lentiform nucleus including the putamen and the globus pallidus (20.8 mL) ( Figure 2B ), and the occipital region (27.6 mL) ( Figure 2C ).
TMS-A figure-eight shaped cooled coil (inner diameter 7 cm) connected to a SuperRapid2 magnetic stimulator (Magstim Company, Dyfed, UK) was used to deliver the stimulations. During session 1 (Figure 1 ), the hot spot for the first dorsal interosseous (FDI) muscle, on the dominant hemisphere, was identified. This position was maintained throughout the session with the help of a MRI-based neuronavigation system (eXimia 2.2.0, Nextim Ltd., Helsinki, Finland). The coil was placed with the handle pointing backwards at about 45° laterally. Elicited pulses were biphasic and currents in the brain had PA-AP direction. After identifying the FDI hot spot, the resting motor threshold (RMT) was calculated according to standard procedure. rTMS protocol: 21 at the FDI hot spot, 1800 pulses were delivered at 5 Hz in 12 blocks of 150 pulses (inter-train interval: 10 s, intensity: 0.9 x RMT).
The hotspot for FDI identified during session 1 was stored in the neuronavigation system and used for session 2. Intensity was adjusted according to the RMT calculated at each session.
MRS data analysis and quantification
The MEGA-PRESS edited spectra were analyzed using LCModel 6.1-4 G 22, 23 ( Fig. 3) with the basis set comprised of experimentally measured macromolecular spectra from the occipital region and spectra measured from 100 mM solutions of NAA, GABA, Glu, and Gln (pH = 7.2, 37°C). No baseline correction, zero-filling, or apodization functions were applied to the in vivo data prior to the analysis. The LCModel fitting was performed over the spectral range from 0.5 to 4.5 ppm.
Quantification was performed using unsuppressed water signal obtained from the same voxel (24) . Concentrations were corrected for cerebrospinal fluid content using turbo spin echo images segmented using SPM8 software (www.fil.ion.ucl.ac.uk/spm). The relative densities of MR-visible water for gray matter, white matter, and cerebrospinal fluid were assumed to be 0.78, 0.65, 0.97, respectively. 24 For the calculation of attenuation factors, the T 1 and T 2 relaxation times of water and metabolites were taken from a previously published report. 25 Only results with Cramér-Rao lower bounds ≤ 50% were included in the analysis based on the recommendation from the LCModel manual.
Statistical analysis
TMS data-RMT, intensity of rTMS, and delay between the end of the rTMS and the MRS acquisition were compared between sessions 1 and 2 using paired t-tests, and between groups using unpaired t-tests.
Metabolite concentrations-In the first analysis, the between-group differences in baseline metabolite concentrations were estimated by fitting a linear mixed model for each metabolite, 26 with subject as random factor and voxel (lentiform nucleus, MC, occipital cortex), hemisphere (dominant, non-dominant) and group (patient, healthy volunteers) as fixed factors. In a secondary analysis, a linear mixed model approach was used to determine the effects of TMS and group on each metabolite concentration. For each of the two regions (MC and lentiform nucleus) and for each metabolite, a linear mixed model was fitted for repeated measurements (pre-versus post-rTMS measurements) with subject as the random effect and group and TMS (pre versus post) as fixed factors. To rule out a confounding effect of the difference in baseline GABA concentrations, an additional analysis was performed using the normalized values of the metabolites (concentration post/concentration pre) instead of the raw values. A linear mixed model was fitted with subject as random effect and voxel (MC, lentiform nucleus) and group as fixed effects.
Statistical analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC). All tests were two-sided at the 5% level.
Results

RMT
The mean RMTs were 58 ± 11% of stimulator output in healthy volunteers and 56 ± 8% in patients (p = 0.5) in session 1, and 57 ± 12% and 57 ± 7% (p = 0.8) in session 2, respectively. The mean intensities of stimulation were 53 ± 11% of stimulator output in healthy volunteers and 50 ± 7% in patients (p = 0.4) in session 1, and 51 ± 11 % and 51 ± 6 % (p = 0.9) in session 2, respectively. There were no significant differences between session 1 and 2 in RMT (p = 0.9) or intensity used (p = 0.9).
Spectral quality
Spectra were of very high quality without any contamination from signals outside of the voxel such as lipids as shown in Figures 2 and 3 . Similar water linewidths were obtained in MC (5.7 ± 0.5 Hz) and occipital lobe (6.3 ± 0.5 Hz). Broader water linewidths were obtained in the lentiform nucleus (9 ± 1.5 Hz).
Baseline concentrations
At baseline, there was no significant difference in concentrations of NAA, Glx, and GABA between patients and healthy volunteers in studied regions (Figure 4) . In both groups, there was a marked hemisphere effect for NAA (non-dominant versus dominant: p < 0.0001, group p = 0.4) and Glx (p < 0.0006, group p = 0.3) in the lentiform nucleus, with higher concentrations in the non-dominant vs. the dominant side. No asymmetry was observed in any other brain region for any metabolite.
Pre-versus post-rTMS
Concentrations of metabolites pre-vs. post-rTMS were compared for the dominant hemisphere (left for 14/15 patients and 13/14 healthy volunteers) (Figure 4 ). There were no rTMS-induced changes observed in the lentiform nucleus for any metabolite. In the dominant MC, rTMS induced a significant decrease in NAA in both groups (TMS p < 0.005, group*TMS p = 0.6). A significant effect of TMS on Glx concentration was also observed, with a trend to have larger decrease in patients (TMS p < 0.01, TMS*group p = 0.07). TMS had different effects on GABA concentrations in patients and healthy volunteers (TMS p = 0.2, TMS*group p = 0.05): TMS induced a mild increase in GABA concentrations in healthy volunteers, whereas there was a mild decrease in patients.
The rTMS-induced variations in metabolite concentrations (post-rTMS/pre) were significantly different between healthy volunteers and patients only for GABA (p < 0.04) (NAA p = 0.6; Glx p = 0.4), confirming that the different changes in GABA concentrations in healthy volunteers and patients were not biased by different baseline levels.
Discussion
Our results provide, for the first time, direct evidence that the dynamic modulation in GABA concentrations induced by excitatory rTMS is altered in patients with writer's cramp. After rTMS, MRS-GABA decreased locally in dystonic patients compared to the baseline condition, in contrast with an increase in MRS-GABA in healthy volunteers. In the baseline condition, no differences were found in MRS-GABA in patients as compared to healthy volunteers in line with a recent MRS study at 3 T. 7 Altered inhibition in dystonia relies on strong evidence such as altered GABA inhibitory mechanisms in the MC 1, 2 and reduced GABA receptors binding using 11 C-flumazenil, a specific ligand of the GABA-A receptor. 27 Here, we complement these results by showing that modulation of GABA by neuronal activation is abnormal in these patients.
Several mechanisms may explain the increase in MRS-GABA observed in healthy volunteers after rTMS to the MC. GABA is produced in the presynaptic terminals of GABAergic neurons by decarboxylation of glutamate by the glutamic acid decarboxylase. Activity of the glutamic acid decarboxylase is believed to be the limiting factor for regulating the steady-state concentration of GABA in vivo. The glutamic acid decarboxylase has active and inactive forms. Increases in the active form of the glutamic acid decarboxylase and activity-dependent GABA synthesis have been associated with increased cortical activity. 28 A previous study has shown that 5 Hz cortical stimulation induces a lasting increase in blood oxygen level dependant (BOLD) signal 29 and an increase in regional cerebral blood flow in the primary sensorimotor region 30 indicating increased neuronal activity and energy demand. The increase in MRS-GABA observed in healthy volunteers after 5 Hz rTMS to the MC may thus result from an increase in glutamic acid decarboxylase activity and GABA synthesis. Reduced rTMS-induced modulation of GABA in dystonic patients may thus result from altered GABA synthesis and neurotransmission.
Another interesting issue is the compartmental origin of GABA changes, i.e. intracellular or extracellular at the synaptic or extrasynaptic levels. MRS measures the overall concentration of GABA and does not provide information about the concentrations in different compartments. However, several lines of evidence from previous studies suggest that the increase in MRS-GABA observed in healthy volunteers reflects an increase in extrasynaptic 31 rather than synaptic GABA concentration. First, high-frequency rTMS has been shown to result in decreased short interval intracortical inhibition, which reflects synaptic GABA inhibition, as opposed to increased MRS GABA concentrations. 32 Second, there is no direct relationship between MRS-GABA and short interval intracortical inhibition further suggesting that MRS-GABA concentrations are poorly related with synaptic GABA inhibition. 33 Instead, MRS-GABA concentrations may better reflect the extrasynaptic GABA tone as suggested previously. 33 Extrasynaptic GABA is believed to activate extrasynaptic receptors located on cell membranes and to be implicated in the mediation of neuronal tonic signaling. 34 Further investigation will determine whether extrasynaptic GABA signaling is involved in the pathophysiology of dystonia.
GABA decrease in dystonic patients after cortical activation may participate in the maladaptive plasticity documented in dystonia with a prolonged response and a loss of the spatial organization of plastic changes. 35 This is supported by in vitro studies in animals, which have demonstrated that the tonic GABAergic tone controls the induction of synaptic plasticity. 36, 37 In vitro studies in slices of rat neocortex 38 and in vivo studies in humans 39 have also shown that disruption of local synaptic inhibitory activity promotes long-term potentiation (LTP)/plasticity. In dystonic patients, abnormal short-term synaptic plasticity in the MC, characterized by enhanced responsiveness to 5 Hz TMS, has been observed. 16 Five Hz rTMS induced no obvious changes in Glx concentrations in healthy volunteers, but it induced a decrease in patients. In healthy volunteers, a similar increase of MRS-GABA and no change of Glx induced by TMS were observed after continuous thetaburst stimulation. 12 These two types of rTMS protocols have opposite effects on brain excitability with lasting increase of cortical excitability for 5 Hz TMS 40 and lasting decrease of cortical excitability for continuous thetaburst stimulation. 12 This suggests that MRS-induced changes of Glx and GABA are not directly related to the type of TMS-induced plasticity per se. Alternatively, changes in GABA concentrations may be related to the increased energy demand associated with neuronal activation. 41 Neuroimaging data are in agreement with this interpretation: low and high frequency cortical stimulation induces similar lasting increases in regional cerebral blood flow, despite differential effects on cortical excitability (as measured by the change in size of the motor evoked responses). 30, 42 In contrast to healthy volunteers, MRS-Glx had a trend to decrease after rTMS in patients in line with the enhanced effect of 5 Hz rTMS in dystonia. 16 An unexpected finding was that 5 Hz rTMS to the MC induced a prominent local decrease of NAA to the same extent in both groups. Reduction in NAA concentration has been associated with neuronal activation in humans using MRS. 41, 43 Neuronal activation induced by TMS may therefore trigger the release of NAA in the extracellular compartment by neurons, which can be used to control water distribution 43 and to participate in the Krebs cycle and oxidative metabolism. 41 In the lentiform nucleus, NAA and Glx levels were higher in the non-dominant hemisphere. Such an asymmetry was in contrast to a previous study using MRS at 2 T. 44 The origin of the lateralization of metabolite levels is unknown but may be related to the asymmetry of brain areas as shown using structural imaging, 45 diffusion connectivity, 46 or fMRI. 47 
Limitations of the study
Due to time limitations, the relationship between TMS-induced metabolite changes and TMS-induced physiological changes was not explored. Another limitation was the size of the voxels being larger than the structure of interest, although this was similar to other studies in which GABA was measured in vivo in human brain. Therefore, we can not exclude contribution of other regions (such as premotor cortex for MC) to the observed changes. The absence of remote effects of rTMS in the lentiform nucleus in either group may be due to technical issues: the part of this nucleus receiving projections from primary motor representation of the hand is relatively small compared to the size of the MRS voxel. This reduces the sensitivity of MRS to the potential change in the concentration of neurochemicals. It was also not possible to separate glutamate and glutamine resonances at 3 T due to the high correlation coefficient between glutamine and glutamine, which is a limiting factor to interpret changes in Glx.
Conclusions
This study promotes TMS as an effective tool to induce dynamic changes in the concentrations of metabolites, which makes it possible to detect abnormalities in cases where baseline levels remain unaltered. The use of rTMS revealed altered dynamic GABA changes in dystonic patients, which may be better reflected by changes in the extrasynaptic than in the synaptic GABA component. ) and GABA (lower panel) in the dominant motor cortex (right) and in the lentiform nucleus (Lleft) are plotted at baseline and after 5 Hz rTMS to the dominant motor cortex in healthy subjects (black squares) and dystonic patients (grey diamonds). After rTMS, NAA decreased in both groups in motor cortex, GABA decreased in the patient group while it increased in the healthy volunteers group, and Glx was not modified in the healthy volunteers group while it decreased in the patient group. Statistical significance is indicated by the stars: * p 0.05, ** 0.01 > p > 0 .001 Abbreviations: D: dominant, LN: lentiform nucleus, MC: motor cortex, ND: non-dominant Table 1 Clinical characteristics of the patients 
